Streptococcus sobrinus is considered one of the principal agents of dental caries (17, 20, 26, 41) , and the treatment of this infectious disease is among the world's most costly health problems, due to its wide distribution (26, 34). The polyclonallymphocyte activation of the host, observed in several microbial infections, has been described as a general survival strategy of the infecting microorganism (9, 21, 30, 48) . Several microbial molecules have been described as B-and T-cell mitogens (8, 16, 19, 25, 27, 31, 35, 39, 40, 49, 50) . It has been reported that S. sobrinus produces a protein that activates murine lymphocytes polyclonally, suppresses specific antibody response to S. sobrinus antigens, and potentiates the growth of the microorganism in the host (18).
Streptococcus sobrinus is considered one of the principal agents of dental caries (17, 20, 26, 41) , and the treatment of this infectious disease is among the world's most costly health problems, due to its wide distribution (26, 34) . The polyclonallymphocyte activation of the host, observed in several microbial infections, has been described as a general survival strategy of the infecting microorganism (9, 21, 30, 48) . Several microbial molecules have been described as B-and T-cell mitogens (8, 16, 19, 25, 27, 31, 35, 39, 40, 49, 50) . It has been reported that S. sobrinus produces a protein that activates murine lymphocytes polyclonally, suppresses specific antibody response to S. sobrinus antigens, and potentiates the growth of the microorganism in the host (18) .
The vital and ubiquitous enzyme NAD ϩ synthetase belongs to the amidotransferase family. This enzyme catalyzes the synthesis of NAD ϩ from either NH 3 or glutamine and nicotinic acid adenine dinucleotide (29, 53) , and NAD ϩ is involved in an enormous variety of biochemical processes, such as the synthesis of various essential molecules and antibiotics, oxidationreduction reactions, and DNA repair and recombination (37) . The NAD ϩ synthetase of Bacillus subtilis is a member of a B -dependent general stress regulon (5) . NAD ϩ synthetases are essential for viability in Escherichia coli (3) and Salmonella enterica serovar Typhimurium (23) .
In this work, we identify and characterize for the first time the NAD ϩ synthetase of S. sobrinus as a murine B-cell-stimulatory protein. Our results provide information on the involvement of NAD ϩ synthetase in the modulation of the host immune system induced by S. sobrinus. As previously suggested and reported for several microorganisms (6, 10, 30, 42, 47) , the isolation and the characterization of molecules involved in microbial pathogenicity may be useful in the identification of targets for vaccination.
MATERIALS AND METHODS
Strains and plasmids. S. sobrinus strain 6715, able to induce caries in rats (15, 43) , was a kind gift of B. Klausen from the Department of Oral Diagnosis and Microbiology, Royal Dental College, University of Copenhagen, Denmark. The strain was stored at Ϫ70°C in Todd-Hewitt broth medium (Difco Laboratories, Detroit, Mich.) with 10% glycerol. E. coli strain DH-5␣ (38) and the plasmid pGEM-T Easy vector (Promega Corp., Madison, Wis.) were used for cloning PCR fragments, while E. coli strain M-15 (38) was used as the host for the plasmid pQE-31 (Qiagen, Oslo, Norway) in the protein expression experiments. For immunobiological experiments, 6-to 8-week-old male C57BL/6 mice were bred at the Gulbenkian Institute of Science, Oeiras, Portugal. We followed the guidelines of the European Community for animal studies.
Purification of the protein secreted by S. sobrinus. S. sobrinus was cultured in Todd-Hewitt broth medium for 2 days at 37°C with an initial inoculum of 10 8 cells/ml. The cultures were centrifuged at 12,000 ϫ g for 30 min. The supernatants were filtered through 0.22-m-pore-size filters (Schleicher & Schuell, Dassel, Germany) and concentrated by ultrafiltration (membrane cutoff, 10 kDa) in a Vivaflow 200 system (Cole-Parmer's Masterflex, Vernon Hills, Ill.). This crude extracellular product was subjected to ion-exchange chromatography in DEAEcellulose (DE54; Amersham Biosciences, Uppsala, Sweden), using a continuous molarity gradient of 0.05 to 1.0 M NaCl in 50 mM Tris-HCl, pH 7.0. The fractions containing B-cell-stimulatory activity were concentrated by vacuum dialysis and resolved by preparative isoelectric focusing in sucrose with a pH gradient of 2.5 to 10, using a mixture of ampholytes of pH 2.5 to 5.0 and 3.0 to 10.0 (Amersham Biosciences). The relevant fractions were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) in 10% gels stained with 0.05% Coomassie blue R250. A protein band of ϳ38 kDa was submitted to trypsin digestion and peptide mapping by high-performance liquid chromatography, and the internal amino acid sequences were determined by mass spectrometry at the Protein Chemistry Core Facility (Howard Hughes Medical Institute-Columbia, New York, N.Y.).
Molecular cloning. Standard protocols were followed for restriction enzyme digestion, agarose gel electrophoresis, and general cloning techniques (38, 51) . Genomic DNA from S. sobrinus was obtained by a modification of the method of Sun et al. (45) . Briefly, overnight cultures of S. sobrinus in Luria-Bertani medium supplemented with 0.2% glucose were harvested and washed twice with TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5). About 1 g (wet weight) of bacteria was suspended in 5 ml of TE, heated for 20 min at 60°C, and incubated for 1 h at 37°C in the presence of 40 mg of lysozyme (Sigma, St. Louis, Mo.)/ml and 200 U of mutanolysin (Sigma)/ml. After the addition of 100 g of proteinase K (Sigma)/ml and 100 g of RNase (Sigma)/ml, the cell suspension was further incubated for 1 h at 37°C. The cells were lysed by adding SDS to a final concentration of 2.5% (wt/vol). Total DNA was purified by extraction with phenol, phenol-chloroform (1:1), and chloroform and then precipitated with ethanol. The DNA was further purified with a purification kit (Genomic-tip 20/G; Qiagen). The NAD ϩ synthetase gene was amplified by PCR with the following primers, each at a concentration of 1 M: NAD1, 5Ј-ATGA(G/C)(A/T)TT(A/ G)CAA(G/C)AA(G/C)A(G/A/T)AT-3Ј, and NAD9, 5Ј-TTACTTCCA(G/A/C) AAATCATC(A/G)AA(G/A/C)A-3Ј.
The PCR temperature profile was carried out by the touchdown method, consisting of an initial denaturation step at 95°C for 5 min, followed by 10 cycles of a denaturing step of 95°C for 30 s, a primer-annealing step at 60°C for 30 s, and an extension step at 72°C for 1 min. In the next 10 cycles, the annealing temperature was decreased by 6°C. Then 10 more cycles were performed using an annealing temperature of 48°C and an extension step of 72°C for 2 min, followed by a final step of incubation at 72°C for 5 min. The 825-bp PCR product was cloned in the pGEM-T Easy vector. The complete double-stranded nucleotide sequence of the PCR product was determined using a primer-walking strategy with a model 310 automated DNA sequencer (ABI-Perkin-Elmer, Foster City, Calif.). In order to subclone the PCR product in the expression vector pQE-31, it was excised from a recombinant pGEM-T plasmid (containing the insert in the correct orientation) with the restriction enzymes SphI and PstI. The relevant band was purified from 1% agarose gels with a Promega gel purification kit and ligated to SphI/PstI-digested pQE-31 with T4 ligase (Amersham Biosciences). The construct was transformed into the competent E. coli strain M-15.
Expression and characterization of recombinant NAD ؉ synthetase. Cultures of exponentially growing E. coli M-15 cells (A 600 ϭ 0.6 to 0.8) containing the pQE-31 expression construct were induced in Luria-Bertani medium for expression of the fusion protein for 3 h at 37°C by the addition of 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside). The cells were harvested by centrifugation at 5,000 ϫ g for 20 min and resuspended in phosphate buffer (1 mM Na 2 HPO 4 ⅐ 0.2H 2 O, 1 mM NaH 2 PO 4 ⅐ H 2 O, 50 mM NaCl, pH 7.4) containing 10 mM imidazole. The sample was incubated on ice for 30 min in the presence of 100 g of lysozyme/ml and 1% Triton X-100. After sonication at maximum intensity for three 10-s bursts, the insoluble material was removed by centrifugation at 10,000 ϫ g for 15 min. The supernatant was filtered through a 0.45-m-pore-size filter (Millipore, Billerica, Mass.) and applied to a His-trap column (Amersham Biosciences). The recombinant NAD ϩ synthetase was eluted with imidazole under native conditions. The protein concentration was determined by the method of Lowry et al. (28) . The purity of the recombinant protein was evaluated by SDS-PAGE in 17.5% gels (38) . The NAD ϩ synthetase activity of the recombinant protein was assayed in 0.5 ml of 60 mM HEPES buffer, pH 8.5, containing 2 mM nicotinic acid adenine dinucleotide, 2 mM ATP, 10 mM NH 4 Cl, 10 mM MgCl 2 , and 20 mM KCl. The reaction was started by the addition of 0.5 g of enzyme. After 5 min of incubation at 37°C, the reaction was stopped by the addition of 0.5 ml of 0.1 M sodium pyrophosphate buffer, pH 8.9, containing 0.5% (wt/vol) semicarbazide hydrochloride (33) . The NAD ϩ formed was measured spectrophotometrically at 340 nm by the alcohol dehydrogenase method (12) . The S. sobrinus recombinant enolase was expressed in a similar way (details will be published elsewhere).
Expression of CD69 assay. A suspension of untreated mouse spleen cells was prepared by homogenizing the organ in cold balanced saline solution supplemented with 3% fetal calf serum (Gibco Biocult, Glasgow, United Kingdom). Total splenic cells were resuspended in 0.2 ml of RPMI containing fetal calf serum and plated in triplicate in 96-well tissue culture plates (2 ϫ 10 6 cells/well). The cultures were stimulated with 6.25, 12.5, 25, 50, or 100 g of S. sobrinus recombinant NAD ϩ synthetase or with 50 g of S. sobrinus recombinant enolase and incubated for 6 h at 37°C in 7% CO 2 -93% humidified air.
Peripheral blood mononuclear cells were obtained from defibrinated blood from normal human donors after centrifugation on a Ficoll (Sigma)-sodium metrizoate gradient by the method of Boyum (13) . The mononuclear cells were resuspended in 0.2 ml of RPMI containing fetal calf serum and plated in triplicate in 96-well tissue culture plates (2 ϫ 10 6 cells/well). The cultures were stimulated with 50 g of S. sobrinus recombinant NAD ϩ synthetase and incubated for 6 h at 37°C in 7% CO 2 -93% humidified air. After incubation, the plates were centrifuged at 1,000 ϫ g for 10 min, and the cells were incubated for 30 min on ice in the dark with the following monoclonal antibodies diluted in phosphate-buffered saline containing 10 mM azide and 1% bovine serum albumin: goat anti-mouse fluorescein isothiocyanate (FITC)-conjugated immunoglobulin M (IgM) (Southern Biotechnology Associates, Birmingham, Ala.), phycoerythrin-conjugated hamster anti-mouse CD3 (Pharmingen, San Diego, Calif.), FITC-conjugated rat anti-mouse CD19 (Pharmingen), FITC-conjugated rat anti-mouse B220 (Pharmingen), FITC-conjugated rat anti-mouse CD21 (Pharmingen), and biotin conjugated hamster anti-mouse early activation marker (CD69; Pharmingen) for murine spleen cultures and FITC-conjugated mouse anti-human CD19 (Pharmigen), FITC-conjugated mouse anti-human CD3 (Pharmingen), and phycoerythrin-conjugated mouse anti-human CD69 (Pharmingen) for human cultures. The plates were washed with phosphate-buffered saline containing 10 mM azide and 1% bovine serum albumin and centrifuged at 1,000 ϫ g for 10 min, and the cells were incubated with phycoerythrin-conjugated avidin for 20 min. Dead cells were excluded by propidium iodide incorporation. The samples were assayed for immunofluorescence cytometric analysis in a FACScan with Lysis II software (Becton Dickinson, San Jose, Calif.).
Immunosuppression assays. Mice were immunized by an intraperitoneal injection of 5 ϫ 10 7 sheep red blood cells. The splenic production of specific IgM antibodies against these cells (primary immune response) was evaluated 5 days later by hemolytic plaque-forming cell assays (11) . Treatments with 100 g of recombinant protein or with phosphate-buffered saline (control mice) were also carried out by intraperitoneal injections 4 days before priming with sheep red blood cells.
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; Sigma) proliferation assay. Mouse spleen cells were obtained by homogenizing the organ in RPMI complete medium, that is, RPMI 1640 medium supplemented with 100 IU of penicillin/ml, 50 g of streptomycin/ml, 0.05 mM 2-mercaptoethanol, and 10% fetal calf serum (Gibco Biocult). For the isolation of mononuclear cells, 5-ml aliquots of the spleen cell suspension were layered on 2.5 ml of Ficoll (Sigma) and centrifuged at 1,000 ϫ g for 20 min at room temperature. The cells were then gently removed from the medium-Ficoll interface, transferred to a sterile container, and washed in 10 ml of RPMI complete medium. The isolated mononuclear lymphocytes were resuspended in 5 ml of RPMI complete medium, and cell counts were performed.
The MTT assay was performed as previously described (32) 
RESULTS

Identification and characterization of NAD
؉ synthetase. Partial purification of a protein from S. sobrinus that was able to induce both an immunosuppressive response and lymphocyte polyclonal activation in mouse cells was previously described (18) . Using a similar purification strategy, we have now isolated the protein that induces the lymphocyte polyclonal activation. It was not possible to achieve direct protein sequencing, suggesting that the N terminus of the protein is blocked. Therefore, the polypeptide was cleaved with trypsin prior to being sequenced, and two adjacent internal amino acid sequences were obtained: N-MISQYAVAGENS-C and N-G AVIGTDHAAENIT-C. A BLAST (4) search of sequences deposited in computer databases of the National Center for Biotechnology Information revealed high similarity of these (Fig. 1) . Several of the sequences were aligned, and we designed a series of degenerate primers, based on either amino acid sequences conserved in the different organisms or the known internal amino acid sequences of the NAD ϩ synthetase from S. sobrinus, to be used in PCR experiments.
In brief, a PCR product of 825 bp was obtained with primers NAD1 and NAD9, which hybridize at genomic DNA regions corresponding to the N terminus and C terminus of the NAD ϩ synthetase polypeptide, respectively. The PCR fragment was cloned, and both DNA strands were fully sequenced. The deduced primary structure of the 30,271-Da protein, which is highly homologous to NAD ϩ synthetases from other organisms and includes a typical sequence fingerprint characteristic of ATP-pyrophosphatases (S-G-G-X-D), is shown in Fig. 1 . The difference between the polypeptide sequences of the NAD ϩ synthetases from S. sobrinus and Streptococcus mutans strain UA159 (accession no. AE014133) is limited to six amino acid residues. Four out of the six substitutions, R2S, E6D, A9T, S72G, S154G, and P205L, represent conservative amino acid replacements. NAD ؉ synthetase displays immunobiological activity. We have produced the NAD ϩ synthetase of S. sobrinus in a heterologous system. For this, the gene was cloned in the expression vector pQE-31 and transformed into an E. coli strain. The bacteria were induced for expression, and the recombinant protein, which contains 26 extra amino acid residues at the N terminus, including six consecutive histidines, was purified by affinity chromatography. The purified protein was resolved by SDS-PAGE as a single band displaying an apparent molecular mass of 38 kDa (Fig. 2) . This value is higher than expected and likely reflects an overestimation due to the acidic nature of the protein (29) . Despite the presence of extra N-terminal amino acids, the recombinant protein showed specific enzymatic activity. We observed an activity of 492 nmol of NAD ϩ synthesized per min per mg of protein. This activity is about twice the activity of the recombinant NAD ϩ synthetase isolated from Mycobacterium tuberculosis (14) . The enzymatic activity was optimal at a temperature of 37°C and could be inactivated by heating the enzyme at 95°C for 10 min.
In order to demonstrate the stimulatory activity of the S. sobrinus recombinant NAD ϩ synthetase on lymphocyte cells, we tested the ability of the protein to induce an in vitro increase in the surface expression of the early activation marker CD69 on B and T cells (46, 52) . Titration experiments indicated that the optimal quantity was 50 g (Fig. 3) . Cultures of murine spleen cells were treated in vitro with 50 g of the S. sobrinus recombinant protein, and the expression of CD69 was evaluated 6 h after NAD ϩ synthetase stimulation. As shown in Fig. 4 , increased expression of CD69 on the surfaces of B (IgM ϩ ) and T cells could be observed after stimulation with the recombinant protein. This increase in CD69 expression is more pronounced on B cells than on T cells (Fig. 4B) . To exclude the possibility that the His tag of the recombinant protein produced any interference in the results, we evaluated the induction of CD69 expression on mouse lymphocytes after stimulation of spleen cells with the S. sobrinus recombinant enolase as a control protein also carrying a His tag. No significant increase in the expression of the CD69 on B or T cells was observed after 6 h of stimulation with the recombinant enolase (data not shown).
In order to verify whether the increased expression of CD69 on the IgM ϩ -cell population due to stimulation with the recombinant NAD ϩ synthetase also occurred with other B-cell markers, the expression of CD69 was evaluated in CD19 ϩ , B220 ϩ , and CD21 ϩ cell populations. As depicted in Table 1 , there are no significant differences between the different B cell markers, that is, the recombinant NAD ϩ synthetase induces activation of all B cells. To investigate whether this activation leads to cell proliferation, murine spleen cells were stimulated with 25 or 50 g of recombinant NAD ϩ synthetase for 24, 48, and 72 h. As shown in Fig. 5 , the recombinant NAD ϩ synthetase induces cellular proliferation with a peak response at 48 h for the two concentrations of the protein. In contrast, the recombinant enolase is unable to stimulate proliferation of the cells.
In order to investigate the effects of recombinant NAD ϩ synthetase on human lymphocytes, the expression of the CD69 marker was evaluated in these cells, and it was found that an increase in CD69 expression on lymphocytes, mainly on the We also investigated the immunosuppressive activity of NAD ϩ synthetase, but no suppressive effect of the protein was observed. We found no differences between the primary immune responses to sheep red blood cells in a control group of mice and mice treated with the recombinant protein (data not shown).
DISCUSSION
A protein with immunostimulatory and immunosuppressive properties secreted by S. sobrinus was previously described and tentatively identified as enolase (18) . In this paper, we have cloned and characterized an S. sobrinus protein that is able to induce a B-cell-stimulatory effect in mice. The protein was identified as a NAD ϩ synthetase, since it displays a high degree of similarity to homologous proteins from other microorganisms. In particular, it is almost identical to the corresponding enzyme of S. mutans, another agent of dental caries (2, 24) . It will be interesting to investigate whether some features of these proteins that are absent in other organisms are responsible for their immunological effects.
We could produce in E. coli cells a recombinant NAD ϩ synthetase that exhibited enzymatic activity. This activity was even higher than that found in the recombinant NAD ϩ synthetase isolated from M. tuberculosis (14) . In addition, the recombinant NAD ϩ synthetase from S. sobrinus is able to induce B-cell stimulation of mouse lymphocytes. We have shown that the recombinant enzyme increases CD69 expression on the surfaces of lymphocytes, mainly of the B-cell population. Furthermore, the NAD ϩ synthetase induced cellular proliferation in vitro. Thus, the S. sobrinus NAD ϩ synthetase likely accounts for the immunostimulatory effects previously described for the proteinaceous factor secreted by the bacterium (18) . However, it did not induce immunosuppressive effects in mice. These effects are probably due to other S. sobrinus-secreted proteins, such as enolase. Indeed, we found that S. sobrinus enolase suppresses mouse immune responses to nominal antigens and is able to stimulate the production of interleukin-10 (unpublished data). In conclusion, our results indicate that the suppression and the mitogenic effects previously described for a protein secreted by S. sobrinus (18) must be induced by at least two different proteins, enolase and NAD ϩ synthetase. NAD ϩ synthetase is a member of the amidotransferase family of enzymes, characterized by the presence of two separate domains (glutamine amide transfer and synthetase domains) that can belong to the same polypeptide chain or exist as independent subunits. The glutamine amide transfer domain permits the use of glutamine as a nitrogen source, and the synthetase domain confers specificity and catalyzes the transfer of ammonia to the substrate (54) . Their vast similarity with the sequence of B. subtilis, and their relatively small sizes (33) , suggest that the NAD ϩ synthetases of S. sobrinus and S. mutans are strictly ammonia-dependent enzymes. However, we cannot exclude the existence of an as-yet-uncharacterized second subunit bearing the glutamine amide transfer domain. NAD ϩ synthetase is a vital and ubiquitous enzyme, and NAD ϩ is an essential component of metabolic pathways in all living cells (3, 5, 23, 37) . The B. subtilis synthetase is essential for spore outgrowth and vegetative growth and was also described as a B -dependent general stress protein (5) . The connection between the biological role of NAD ϩ synthetase and its role in immunostimulation remains to be elucidated. However, it should be noted that other enzymes involved in NAD ϩ metabolism have been found in connection with parasitic infections (1, 44) . The production of NAD glycohydrolase was associated with invasive streptococcal infections (1, 44) .
It has been shown that different pathogenic microorganisms produce mitogenic and immunosuppressive proteins which also constitute important virulence factors (7, 8, 18, 19, 39) . Such proteins have been generally designated virulence-associated immunomodulatory proteins. They induce polyclonal activation of lymphocytes, as well as the suppression of the host immune response to microbial specific antigens (8, 19, 39) . It was also found that specific immunization against virulenceassociated immunomodulatory proteins (but not against other antigenic components of the microbe) induces immunoprotection (39, 47) . In a mouse model of Trypanosoma cruzi infection, a B-cell-mitogenic protein was isolated from the culture supernatants of the parasite infective forms. This protein was cloned and characterized as a cofactor-independent proline racemase and can ensure parasite evasion at the very beginning of the infection (36) . Immunoprotection against the producing microbe was also observed following immunoneutralization of proteins secreted by M. tuberculosis (22) . All of these vaccination approaches target molecules that are essential for the survival of the producing microorganism. Thus, immunoneutralization of the effects induced by NAD ϩ synthetase may prove to be a reasonable strategy for the development of a vaccine against dental caries.
